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  Rattling-induced superconductivity in the β-pyrochlore oxide KOs2O6 is investigated under high pres-
sure up to 5 GPa. Resistivity measurements in a high-quality single crystal reveal a gradual decrease in the 
superconducting transition temperature Tc from 9.7 K at 1.0 GPa to 6.5 K at 3.5 GPa, followed by a sud-
den drop to 3.3 K at 3.6 GPa. Powder X-ray diffraction experiments show a structural transition from cu-
bic to monoclinic or triclinic at a similar pressure. The sudden drop in Tc is ascribed to this structural tran-
sition, by which an enhancement in Tc due to a strong electron-rattler interaction present in the 
low-pressure cubic phase is abrogated as the rattling of the K ion is completely suppressed or weakened in 
the high-pressure phase of reduced symmetry. In addition, we find two anomalies in the temperature de-
pendence of resistivity in the low-pressure phase, which may be due to subtle changes in rattling vibration. 
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1. Introduction 
 
The β-pyrochlore oxides AOs2O6 have recently been at-
tracting much attention,1-4) as they exhibit an unusual at-
omic vibration in a solid called rattling,5,6) which is essen-
tially a local, anharmonic vibration of a heavy ion confined 
in an oversized atomic cage. They crystallize in a cubic 
crystal structure of space group Fd-3m with all the atoms 
sitting at special positions, i.e., the A, Os and O atoms at 
the 8b, 16c and 48f sites, respectively.7) The A atom is lo-
cated in the Td site symmetry and surrounded by 6 nearest- 
and 12 next-nearest-neighbor oxide atoms, while OsO6 oc-
tahedra are connected to each other by vertices to form a 
three-dimensional framework. A virtual size mismatch be-
tween the guest A ion and the cage made of the octahedra 
allows the guest ion to move almost freely with an unusu-
ally large excursion inside the cage.8) Evidence of rattling in 
β-pyrochlore oxides has been obtained from structural ana-
lyses showing large atomic displacement parameters7,9) or 
heat capacity and spectroscopic measurements that find 
Einstein-like modes with low energies of 2-7 meV.2,3,10-14) 
The most intriguing issue on rattling is to understand its 
effect on the electronic properties of materials. It is consid-
ered that, in β-pyrochlores, the large resistivity and its 
anomalous temperature dependence with a con-
cave-downward curvature in a wide temperature range are 
due to a strong scattering of electrons by rattling.15) 
Moreover, the increase observed in the spin-lattice relaxa-
tion rate of A-nucleus NMR arises from a strong elec-
tron-lattice coupling of the same origin.15,16) As a result of 
this large electron-rattler interaction, β-pyrochore oxides 
undergo superconducting transitions at relatively high tem-
peratures of Tc = 9.6, 6.3, and 3.3 K for A = K, Rb, and Cs, 
respectively. Nagao et al. suggested that the superconduc-
tivity is really induced by the rattling itself, because the 
estimated average frequency of phonons mediating Cooper 
pairing coincides with the energy of the rattling for each of 
the three compounds.4) 
Unique chemical trends for various parameters are 
observed in the series of β-pyrochlore oxides: the rattling 
intensity, the extent of electron-rattler interaction, and Tc 
increase systematically from Cs to K.17) Particularly inter-
esting is the fact that the superconductivity changes its 
character from weak coupling to extremely strong coupling 
toward K.3) Since a previous structural study revealed that 
the size of the cage remains almost intact among the three 
compounds,7) these variations should be ascribed to the 
increase in the guest-free space, as the ionic radius of the A 
ion decreases markedly from Cs to K. Thus, the guest-free 
space is a key parameter for adjusting the rattling intensity. 
One experimental method of tuning the guest-free space 
systematically is to chemically mix two A elements in a 
crystal. However, this must cause certain randomness that 
might mask intrinsic properties. In contrast, squeezing the 
compound under high pressure would give a better oppor-
tunity to study the relation between the guest-free space and 
the rattling or the electronic properties of β-pyrochlore ox-
ides.  
A few high-pressure (HP) experiments have already been 
carried out using polycrystalline samples of β-pyrochlore 
oxides. Muramatsu et al. measured resistivity in a cu-
bic-anvil cell filled with Fluorinert under HP up to 12 GPa 
and found that, common to the three compounds, Tc in-
creases initially with pressure, saturates, and then decreases 
to vanish above a critical pressure, resulting in a domelike 
pressure dependence of Tc;18) The critical pressures were 
approximately 6, 7, and 12 GPa for K, Rb, and Cs, respec-
tively. On the other hand, Miyoshi et al. found, in their 
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magnetization measurements using a diamond-anvil cell 
(DAC) with Daphne 7373 oil under HP up to 10 GPa, simi-
lar Tc domes for K and Rb, but a saturating behavior at 8.8 
K for Cs instead.19) On the other hand, electronic structure 
calculations have shown that the density of states decreases 
gradually and only slightly with increasing pressure.20) 
Therefore, the observed complicated pressure dependence 
of Tc is not understandable in the framework of the simple 
BCS theory and has not yet been explained properly. Note, 
however, that experimental results can be markedly differ-
ent between polycrystalline and single-crystal samples in 
the case of β-pyrochlore oxides.4) In order to collect reliable 
data on the pressure dependence of Tc, further HP experi-
ment using a single crystal is necessary. Very recently, 
Isono et al. carried out HP heat capacity measurements in a 
DAC filled with Ar on single crystals of K and Rb and 
found abrupt vanishments of Tc at 5.2 and 6.0 GPa, respec-
tively.21) On one hand, Katrych et al. performed HP X-ray 
diffraction (XRD) experiments at room temperature (RT) 
on a powder sample of KOs2O6 and showed that the cubic 
pyrochlore structure is robust under compression up to 32.5 
GPa.22) They also found a new triclinic phase at P = 3 GPa 
and T = 1173 K, which was substantially different from the 
pyrochlore structure, containing edge-sharing OsO6 octahe-
dra in addition to original corner-sharing ones.  
In this study, we have carried out resistivity measure-
ments on a high-quality single crystal of KOs2O6 under HP 
up to 5 GPa. In addition, powder XRD experiments at 10 K 
under HP have been performed to explore the possibility of 
a structural transition at low temperatures. A reliable pres-
sure dependence of Tc, which is substantially different from 
that previously reported, is obtained. We find that Tc drops 
suddenly at a critical pressure of 3.6 GPa, where probably a 
structural transition to a lower symmetry takes place so as 
to reduce or suppress the rattling vibrations of the K atom. 
 
2. Experimental 
 
Single crystals of KOs2O6 were prepared by the flux 
method starting from a 1.3:1 mixture of KOsO4 and OsO2 
in a quartz ampoule at 748 K for 24 h.  Polycrystalline 
samples were prepared as reported previously.1) Resistivity 
measurements were carried out on a single crystal of 0.3 × 
0.1 × 0.1 mm3 size by the four-probe method at a current of 
10 mA. High pressures from 1.0 to 5.0 GPa were applied to 
the sample during the measurements in a cubic-anvil-press 
apparatus comprising three pairs of counteranvils made of 
sintered diamond.23) Daphne 7474 oil was used as a pres-
sure-transmitting medium; it remains liquid below 3.6 GPa 
at RT and may guarantee good hydrostatic compression.24) 
An isobaric measurement, enabled by applying a constant 
load on the anvil cell, was performed upon heating from 3 
to 300 K. Pressure for the next run was always increased at 
RT, where the pressure medium remained in liquid state or 
soft enough to generate a uniform, hydrostatic pressure 
around the sample. Actual pressure exerted on the sample 
was estimated by measuring the changes in resistivity asso-
ciated with the structural phase transitions of Bi at 2.55, 2.7, 
and 7.7 GPa, of Te at 4.0 GPa, and of Sn at 9.4 GPa in dif-
ferent runs.23) Powder XRD data were collected at 10 K 
using synchrotron radiation with a wavelength of 41.222 
pm in the BL-10XU beam line at the SPring-8 facility. A 
polycrystalline sample was put in a standard DAC together 
with liquid Ar as a pressure-transimitting medium. Pressure 
was applied at 10 K, not at RT, in order to avoid Ar from 
being absorbed by the sample, although this might cause a 
certain inhomogeneous pressure distribution. Pressure cali-
bration was done by recording a change in the frequency of 
the fluorescence from a Ruby crystal present near the sam-
ple in the DAC cell. 
 
3. Results 
 
Figure 1 shows nineteen sets of isobaric resistivity r 
data measured between P = 1.0 and 5.0 GPa on a single 
crystal of KOs2O6. The ρ at 1.0 GPa resembles that reported 
on a different crystal at ambient pressure,3) showing a 
nearly equal concave-downward curvature in the whole 
temperature range above Tc. In contrast, a small upturn 
emerges in the 1.3 GPa data at low temperatures, as shown 
in the inset: ρ begins to shift upward below 14 K from a 
curve expected by high-temperature extrapolation. Moreo-
ver, two similar anomalies are observed at 16 and 23 K in 
the 1.6 GPa data. As pressure further increases, they move 
to higher temperatures and then disappear above 3.6 GPa. 
The single anomaly observed at 1.3 GPa may correspond to 
two anomalies that occur at nearly equal temperatures. On 
the other hand, above 3.7 GPa, another anomaly is detected 
at a higher temperature, again moving to higher tempera-
tures with increasing pressure. For example, at the maxi-
mum pressure of 5.0 GPa, the temperature derivative of the 
resistivity curve clearly changes its sign at 205 K. We call 
the temperatures of these three anomalies from the 
low-temperature side TO1, TO2, and Ts. They have never 
been observed in previous resistivity measurements in 
polycrystalline samples.18) 
The isothermal resistivity always shows a positive 
pressure dependence, which is markedly large especially at 
low temperatures. As a result, as pressure increases, the 
overall temperature dependence changes from metallic be-
havior to become almost flat, followed by a steep down-
ward shift below 50 K. Moreover, the normal-state resistiv-
ity just above Tc increases with pressure, as shown in Fig. 
1(b). Similar pressure dependences have been observed in 
other β-pyrochlores18) as well as in the α-pyrochlore oxide 
Cd2Re2O7.25) This common feature is probably related to the 
fact that all these pyrochlore oxides are semimetals with 
electron and hole bands:8,26,27) the application of pressure 
may reduce the overlap between them and make the carrier 
density small and the Fermi energy low, which cause such a 
flat temperature dependence of resisitivity at high tempera-
tures above the Fermi temperature and an increase in 
residual resistivity. An abrupt upward shift in resistivity is 
observed between 3.6 and 3.7 GPa in Fig. 1(a), which may 
be due to the solidification of Daphne 7474 oil.24) 
The pressure dependence of the superconducting transi-
tion is shown in Fig. 1(b). For P = 1.0 to 3.5 GPa, a sharp 
drop is observed within a transition width range of 0.1-0.3 
K, as sharp as observed at ambient pressure.3) In general, a 
broad superconducting transition is often observed in HP 
experiments owing to certain inhomogeneity in a sample or 
a pressure distribution inside a HP cell. It was in fact the 
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case for previous HP experiments on KOs2O6, where the 
transition width became more than 1 K at 4 GPa.18) Thus, 
the sharp transition observed in the present study indicates 
better sample quality and a more uniform pressure distribu-
tion attained. The Tc defined here as a zero-resistive tem-
perature increases slightly from 9.60 K at ambient pressure 
up to 9.75 K at 1.0 GPa, decreases gradually with increas-
ing pressure, and then reached to 6.55 K at 3.5 GPa. 
Surprisingly, increasing pressure by only 0.1 GPa re-
sults in a completely different behavior: a two-step transi-
tion appears at 3.6 and 3.7 GPa. The first drop occurs at 
approximately 6.5 K at both pressures, the same as that at 
Tc at 3.5 GPa, while the second drop to ρ = 0 occurs at 3.2 
and 2.9 K at 3.6 and 3.7 GPa, respectively. We observed a 
distinct current dependence of resistivity of the temperature 
range between the two drops: the first drop tended to dis-
appear with increasing current density. Therefore, the 
high-temperature transition is not bulk in nature and must 
be due to the formation of a filamentary superconducting 
path. This means that two superconducting phases with 
different Tcs coexist in the pressure range above 3.6 GPa 
approximately below 4.0 GPa. It is plausible that there is a 
first-order phase transition that accompanies a two-phase 
equilibrium region. We call this lower critical pressure Ps.   
Figure 2 shows a comparison of the pressure de-
pendences of Tc obtained in the present study with those 
obtained previously. Below Ps, all the three datasets coin-
cide with each other. Above Ps, Tc = 5.7 K at 4 GPa was 
reported by Muramatsu et al.18) However, since they deter-
mined this at the midpoint of a broadened transition, the 
actual Tc should have been lower. On the other hand, a 
diamagnetic response in magnetization measurements by 
Miyoshi et al. had already become obscured at 3.5 GPa, and 
no data above that was given.19) Thus, our observation of 
the sudden drop in Tc at Ps is in line with the previous data, 
and has been made owing to improved experimental condi-
tions. In contrast, the pressure dependence of Tc reported by 
Isono et al. in their heat capacity measurements in a single 
crystal of KOs2O6 is considerably different from the above 
data: their Tc decreases gradually with pressure, but is still 
6.0 K at 5.0 GPa, and suddenly vanishes above 5.2 GPa.21) 
This vanishment may correspond to the drop in Tc at Ps in 
our experiments, although the two critical pressures are 
quite different. We do not know the reason for this differ-
ence, but speculate that the transition can be affected seri-
ously by the nature of pressure that depends on the equip-
ment used and, more importantly, on the chosen pressure 
medium. It is generally known that some pressure-induced 
transitions are very sensitive to the choice of pressure me-
dium. For example, the α-to-ω transition in titanium metal 
changes from 4.9 to 10.5 GPa depending on the pressure 
medium.28) 
X-ray diffraction experiments demonstrate that this 
transition is possibly related to a pressure-induced structural 
Fig. 1. (Color Online) Isobaric resistivity of a single crystal 
of β-KOs2O6 measured on heating under various pres-
sures. The applied pressures are 1.0, 1.3, 1.6, 1.9, 2.2, 
2.5, 2.8, 3.1, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 3.9, 4.0, 4.2, 4.5, 
and 5.0 GPa from bottom to top. The overall temperature 
dependence is shown in (a), and the low-temperature part 
is expanded in (b), showing superconducting transitions. 
The inset in (a) expands around two anomalies, named 
TO1 and TO2, for the 1.3 and 1.6 GPa data. 
Fig. 2. (Color Online) Pressure dependence of Tc. The present 
data (circle) are compared with previous data given by Mu-
ramatsu et al. (triangle)18) and Miyoshi et al. (solid line).19)  
Tc drops suddenly at Ps in the present study. 
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transition. Figure 3 shows three XRD patterns taken at T = 
10 K and P = 0.9, 3.9, and 5.2 GPa. The pattern taken at 0.9 
GPa resembles that at ambient pressure1) with all the peaks 
indexed by a face-centered cubic cell except for several 
weak peaks from a small amount of impurity phases such as 
Os and OsO2. At 3.9 GPa, the major diffraction peaks re-
main unchanged but are broadened considerably, suggest-
ing that there is an inevitable distribution in pressure inside 
the DAC; Ar has already been solidified at this pressure and 
temperature, as evidenced by the emregence of a new peak 
near 2θ = 9° from crystalline Ar. In contrast, at 5.2 GPa, 
each of the three major peaks of 111, 311, and 222 indices 
splits into at least two peaks. This implies that the crystal 
system has changed from cubic to monoclinic or triclinic. 
This HP form is different from that reported by Katrych et 
al. at high pressures and high temperatures,22) because a 
powder diffraction pattern calculated based on the crystal 
structure they gave is completely dissimilar from the ob-
served one in Fig. 3. Our HP phase must be a slight modi-
fication of the original cubic structure made of only cor-
ner-sharing OsO6 octahedra. Moreover, note that Katrych et 
al. observed no change in the XRD pattern up to 32.5 GPa 
at RT, not at a temperature as low as 10 K in our experi-
ments.  
The critical pressure for the structural transition may 
exist between 3.9 and 5.2 GPa. We think that this structural 
transition corresponds to the transition observed at Ps in the 
resistivity measurements, although the two critical pres-
sures are somewhat different. This difference may also be 
reconciled, however, if one takes into account the differ-
ences in the samples used (single crystals or polycrystals), 
experimental setups (cubic- or diamond-anvil cells), and 
pressure media. In addition, had there been another transi-
tion at 3.9-5.2 GPa, we should have observed a corre-
sponding change in our resistivity data at such pressures. 
As shown in Fig. 1(a), however, the data between 3.7 and 
5.0 GPa varies smoothly with pressure without any dis-
cernible anomaly. 
From a combination of resistivity and structural inves-
tigations under HP, we conclude that a first-order structural 
transition takes place at Ps = 3.6 GPa, probably from cubic 
to monoclinic or triclinic symmetry. The low-pressure (LP) 
phase takes high Tcs of 9.75-6.55 K, while the HP phase has 
low Tcs below 3.3 K. The two-step transition observed just 
above Ps in Fig. 1(b) is apparently due to the coexistence of 
these two phases, as expected from the first-order nature of 
the transition. Figure 4 shows a P-T phase diagram for 
β-KOs2O6. Tc increases slightly from 9.60 K at ambient 
pressure to 9.75 K at 1.0 GPa and then gradually decreases 
with pressure. Above 1.3 GPa, two anomalies, TO1 and TO2, 
appear and move to higher temperatures with increasing 
pressure. Tc seems not affected by these anomalies, but de-
creases gradually with P. Note, however, that the TO1 and 
TO2 lines are merged around the top of the Tc dome and 
disappear or hidden by the superconducting transition, sug-
gesting a certain relationship between these temperatures. 
On the other hand, at Ps, Tc suddenly becomes almost half, 
and the two anomalies disappear. The third anomaly Ts 
shows up above Ps, but this may correspond to a phase 
boundary between the LP and HP phases. Actually, the fact 
that Katrych et al. observed no transitions at RT22) means 
that the boundary is located below RT even at 32.5 GPa. As 
shown in Fig. 4, we call the high-temperature cubic phase 
of space group Fd-3m phase I, the intermediate ones below 
the TO1 and TO2 lines phases II and II', respectively, and the 
HP monoclinic or triclinic one phase III. 
 
4. Discussion 
 
Let us discuss what is happening under high pressure. It 
is considered that a rattling-induced, strong-coupling 
superconductivity occurs in β-KOs2O6 through a strong 
electron-rattler interaction coming from the anharmonicity 
of rattling.4) One simple idea to explain the observed 
gradual decrease in Tc with pressure is that compressing the 
cage suppresses the rattling intensity and thus reduces the 
extent of electron-rattler interaction. The rattling intensity 
in β-pyrochlores can be measured using the guest-free 
space dgfs, which is the distance obtained by subtracting the 
ionic radii of an oxide ion (140 pm) and an A ion (138 pm 
for K+) from the A-O bond length determined by structural 
refinement: the larger the dgfs, the more intense the 
rattling.7) The rattling may terminate when dgfs becomes 
zero, where the A ion can fit the cage and becomes an har-
monic oscillator, as in conventional oxide compounds. Us-
ing the coordinate parameter x for the 48f oxide atom, 
which is the only coordinate parameter in the structure, dgfs 
is equal to a(0.625 - x) - 140 - 138. The lattice constant a 
decreases from 1010.1 pm at ambient pressure to 1001.2 
pm at Ps, reduced by only 0.9%.7) Although the x at HP is 
Fig. 3. (Color Online) Powder X-ray diffraction patterns 
taken at T = 10 K and P = 0.9 (top), 3.9 (middle), and 
5.2 GPa (bottom). A synchrotron radiation with a 
wavelength of 41.222 pm was used in the BL-10XU 
beamline at the SPring-8 facility. Peaks with indices in 
the top pattern are from a cubic β-pyrochlore phase. 
Weak peaks marked by a square and circles correspond 
to impurity phases of OsO2 and Os, respectively. The 
peak marked by a cross is unknown. The peaks marked 
by asterisks in the middle and bottom patterns corre-
spond to solidified Ar put as a pressure-transmitting 
medium, which is not observed at 0.9 GPa because it 
may be broad and overlap with the intense 222 peak 
from the sample. The peaks marked by arrows emerge 
as a result of a structural transition to a monoclinic or 
triclinic structure. 
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not available at the moment, it may be reasonable to assume 
that it does not change much with pressure. x is always 
close to 0.3125 or slightly larger in most pyrochlore ox-
ides.29) For example, x is equal to 0.3145 for β-KOs2O6 and 
0.3137 for α-Cd2Re2O7 at RT.7,17) Since the coordination 
around a transition metal ion becomes a regular octahedron 
for x = 0.3125, x cannot deviate much from this value un-
less a large deformation of the octahedron is allowed, 
which must be unfavorable in terms of electronic energy as 
well as of Madelung energy. Assuming x = 0.3145 under 
pressure gives a change in dgfs by just 8% from 36 to 33 pm 
toward Ps. This change is obviously too small to say that 
rattling is suppressed owing to the compression of the cage.  
On the other hand, large initial increases in Tc have been 
observed for RbOs2O6 and CsOs2O6 under pressure, which 
may imply that the electron-rattler interaction is rather en-
hanced by pressure. Thus, we have not yet reached a rea-
sonable explanation for the observed complicated pressure 
dependences of Tc in the cubic phase. A more systematic 
HP study, particularly on the structure, using high-quality 
single crystals of all the three compounds is required for a 
further understanding. 
The high symmetry of the surrounding cage is important 
for the rattling phenomena; in a cage with low symmetry, a 
rattler tends to be trapped at off-center positions with a 
lower potential energy, particularly at low temperatures 
with weaker thermal vibrations. The Td symmetry preserved 
for the cage in β-pyrochlores must be crucial to the intense 
rattling of A ions around the on-center position. The struc-
tural transition at Ps must break the Td symmetry and stop 
the rattling completely or at least weaken it significantly. 
This causes the large reduction in Tc observed at Ps, becau-
se a certain energy gain in the Cooper pairing due to the 
rattling has been removed. From another perspective, 
KOs2O6 is a superconductor even without the rattling, if the 
rattling has stopped completely above Ps; the rattling only 
enhances Tc. Hattori and Tsunetsugu have theoretically 
analyzed the mechanism of superconductivity in 
β-pyrochlore oxides.30) They found that two kinds of pho-
nons are necessary in order to reproduce the chemical trend 
of Tc: one is a rattling mode with a low energy and the other 
is a normal Debye mode with a high energy at 260 K. 
Adopting appropriate parameters, they estimate Tc to be 6.5 
K only from the contribution of a Debye phonon and to 
increase to 10.5 K by adding a rattling phonon. Thus, there 
is an enhancement in Tc by 4 K due to the rattling at ambi-
ent pressure.30) The observed drop in Tc by 3.2 K at Ps is 
comparable to the theoretical expectation, if the contribu-
tion of the rattling has completely vanished above Ps. 
The two weak anomalies at TO1 and TO2 can be attribut-
ed to other weak structural transitions concerning rattling 
vibration. It is clear that, in β-pyrochlores, the magnitude 
and temperature dependence of resistivity are dominantly 
governed by the electron scattering due to the rattling. Thus, 
any transition that affects resistivity much should be related 
to a change in rattling vibration. In KOs2O6, there is a weak 
first-order structural transition at Tp = 7.6 K below Tc at 
ambient pressure,3,31) which is considered to be a liquid-gas 
transition concerning the rattling degree of freedom and is 
called the rattling transition.32-34) The lattice constant is in-
creased by only 0.01% below Tp,33) so that pressure should 
decrease Tp. In fact, recent specific heat measurements by 
Umeo et al. found that the transition vanished even at only 
0.02 GPa.35) Thus, the present two anomalies are not di-
rectly related to the rattling transition. We speculate that 
they evidence successive, second-order structural transi-
tions that involve small structural changes and weak reduc-
tions in symmetry, much weaker than those at Ps; either 
phases II or II' may belong to one of the maximal sub-
groups of Fd-3m. The XRD data at 0.9 and 3.9 GPa shown 
in Fig. 3 should show diffraction patterns for phases I and 
II', respectively. However, it is difficult to see a small dif-
ference between them, if any, owing to the marked peak 
broadening in the 3.9 GPa data. Further experiments to 
search for structural transitions are in progress. It is consid-
ered, however, that accompanying changes in diffraction 
patterns can be very small, as in the case of Cd2Re2O7, 
where the space group changes from cubic Fd-3m to tetra-
gonal I-4m2 at 200 K with negligible tetragonal 
distortion.36) 
 
5. Conclusions 
 
In summary, we have performed resistivity measure-
ments on a high-quality single crystal of KOs2O6 and pow-
der X-ray diffraction experiments under HP up to 5 GPa. A 
first-order phase transition from a cubic phase with high Tcs 
to a lower-symmetry phase with low Tcs is observed at Ps = 
3.6 GPa. A large reduction in Tc from 6.5 to 3.3 K at Ps 
suggests that the increase in Tc by the rattling has been ab-
Fig. 4. (Color Online) Pressure-temperature phase diagram 
for β-KOs2O6. Phase I is a high-temperature, low-pressure 
phase crystallizing in the cubic pyrochlore structure of the 
space group Fd-3m, where an intense rattling of the K ion 
has been observed. Phase III possesses a monoclinic or tri-
clinic structure with lower Tcs. A phase boundary between 
them exists at Ps = 3.6 GPa, which is probably followed by 
the Ts line at high temperatures. Phase II appears below TO2 
and is replaced by phase II' below TO1. Tp, a critical pressure 
for a first-order structural transition called the rattling transi-
tion, is completely suppressed below 0.02 GPa.35) 
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rogated above Ps. Two anomalies in resistivity are observed 
below Ps, which suggests that there are more structural 
transitions accompanying minor changes in rattling vibra-
tion. 
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